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Abstract
The yrast sequence of the neutron-rich dysprosium isotope 168 Dy has been studied using multinucleon transfer reactions following tcollisions between a 460-MeV 82 Se beam and a 170 Er target.
The reaction products were identified using the PRISMA magnetic spectrometer and the γ rays detected using the CLARA HPGe-detector array. The 2 + and 4 + members of the previously measured ground state rotational band of 168 Dy have been confirmed and the yrast band extended up to 10 + . A tentative candidate for the 4 + → 2 + transition in 170 Dy was also identified. The data on these nuclei and on the lighter even-even dysprosium isotopes are interpreted in terms of Total Routhian Surface calculations and the evolution of collectivity in the vicinity of the proton-neutron valence product maximum is discussed.
Our microscopic understanding of nuclei rests to a large extent upon the well-known shell model with the magic neutron and proton numbers occurring near to stability at N, Z = 2, 8, 20, 28, 50, 82 and 126. The features associated with this model appear most clearly for nuclei in the vicinity of closed shells. Another important approach to the nuclear many-body problem is the macroscopic understanding which is based on collective properties of nuclei. These properties are most prominent in the regions around the doubly mid-shell nuclei, with large numbers of both valence protons and neutrons which maximizes the number of possible neutron and proton interactions. The importance of the number of proton-neutron interactions, which is equal to the product of valence nucleons N p N n , for quadrupole collectivity is well known [1] . It has been shown that both the energy, E(2 + ), and the reduced transition probability, B(E2), of the first 2 + state, as well as the energy ratio E(4 + )/E(2 + ) have a smooth dependence on this quantity [2, 3, 4, 5] .
Neglecting any potential sub-shell closures, the nucleus with the largest number of valence particles with A < 208 is 170 66 Dy 104 . Accordingly it should be one of the most collective of all nuclei, in its ground state [6] . However, at present nothing is known experimentally about 170 Dy, which makes 168 66 Dy 102 the nucleus with the largest N p N n value below 208 Pb with excited states reported in the current literature [7] . It is also the most neutron-rich, even-N dysprosium isotope that has been studied to date. The isotope 169 Dy has been identified but no excited states have been observed [8] . Looking how E(2 + ) changes in Fig. 1 ) increases again [12, 13] , suggesting that the maximum collectivity in dysprosium isotopes occurs at N = 98 instead of at N = 104. A maximum in the collectivity at N = 104 might be expected since the neighbouring even-Z elements above dysprosium (i.e. Er, Yb and Hf) have a minimum of their 2 + state energy at midshell (N = 104) [7] . The only spectroscopic measurement published on 168 Dy to date is from a β-decay experiment [7] and preliminary results of the present experiment published in [14] . These results show a decrease Due to the neutron-rich nature of 168 Dy it is not possible to study this nucleus and its neighbours using traditional methods of high-spin spectroscopy that employ fusionevaporation reactions. To populate states in nuclei with A > 164 in the dysprosium isotopic chain, isotope separation on-line followed by β-decay measurements [7] , in-beam fragmentation [16] and deep inelastic multi-nucleon transfer reactions together with a binary partner gating technique have been used so far. However, the nucleus 170 Dy is very hard to study even with these techniques. The last technique is the one used in the current work. For a recent review on deep inelastic multi-nucleon transfer reactions, see ref. [17] .
The nuclei studied in this article were populated using multi-nucleon transfer reactions of a 82 Se beam and a 500-µg/cm 2 thick self-supporting 170 Er target. The primary 82 Se beam was delivered by the Tandem XTU-ALPI accelerator complex at LNL [18] and had an energy of 460 MeV with a typical intensity of ∼2 pnA. Beam-like fragments were identified event-
by-event using the PRISMA magnetic spectrometer [19] . PRISMA was placed at the grazing angle of 52
• . The energies of γ rays from both the beam-like and target-like fragments were measured using the CLARA γ-ray detector array [20] . in ten elements that measured the (x, y) position and gave a time reference for the ion at the end of the spectrometer was mounted. This was followed by an ionization chamber segmented into four sections along the optical axis of PRISMA and ten sections transverse to it which measure the energy and energy-loss characteristics of the transmitted heavy ion [22] . From the energy measurements in the ionization chambers the atomic number Z of the ion could be determined using ∆E − E techniques. By reconstructing the trajectory in PRISMA from the position measurements in the MCP and the MWPPAC and the time-offlight (TOF), the mass of the ion was determined [23] . In Fig. 2 used in the experiment were coincidences between the MCP and CLARA or the MWPPAC and CLARA. For an event to be considered valid the ion had to be detected in the MCP, the MWPPAC and the ionization chamber, but not in any of the side ionization chambers.
There also had to be at least one coincident γ ray detected in CLARA. Using the measured Z of the beam-like fragments, the atomic number of the target-like fragments was adopted under the assumption that there was no evaporation of charged par-ticles. Using the same procedure an upper limit on the mass of the target-like fragment was obtained as the assumption of no evaporated particles is violated, particular by neutron emission. Since only an upper limit of the mass was obtained from the PRISMA information, the γ-ray spectra not only contained lines from the maximum-mass dysprosium binary partner, but also from lighter dysprosium isotopes associated with neutron evaporation channels. The target-like fragments could thus not be uniquely identified event-by-event.
It was, however, possible to suppress the contribution from the lighter dysprosium isotopes by using the TOF information, corresponding to the total kinetic energy loss [24] . Since an energy greater than the separation energy of a neutron needs to be transferred from Since no reported γ-ray lines exist in 170 Dy which can be used for γγ-coincidences, the γ-ray energy of 777 keV, associated with the 2 + → 0 + transition in 82 Kr [25] , which is the binary reaction partner of 170 Dy, was used. By using gates on the beam-like fragments, γ rays from neutron evaporation channels from the respective target-like fragments can be TOF suppressed in the γγ-coincident spectrum. In Fig. 5 , both the singles spectrum and the γγ-coincidence spectrum (using an A, Z and TOF selection) are shown. Due to the finite Z resolution there is a large leakage from 170 Er in the singles spectrum. Both in the singles spectrum and the γγ-coincident spectrum a peak appears at 163 keV. This peak is tentatively identified from the dysprosium energy systematics as a candidate for the transition associated with the yrast 4 + → 2 + decay in 170 Dy. The corresponding 2 + → 0 + γ-ray would be too weak to be observed because of internal conversion and detector efficiency.
As reported in Ref. [7] an irregularity in the energy systematics of the yrast 2 + and 4 Surface calculations [26, 27, 28] shown in Fig. 7 . The irregularity could be caused by a strong interaction between the ground-state band and the two quasi-neutron band in 164 66 Dy 98 [29] . The interpretation that the irregularity is an effect in [7, 9, 10, 11, 13] and the current work.
